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ABSTRACT

One of the rainiest areas on earth, the Panama Bight and Pacific (western) littoral of Colombia, is the focal
point for aregional modeling study utilizing the fifth-generation Pennsylvania State University-NCAR Mesoscal e
Model (MM5) with nested grids. In this first of three parts, the observed climatology of the region is presented.
The seasonal march of rainfall has a northwest—southeast axis, with western Colombia near the center, receiving
rain throughout the year. This study focuses on the August—September season. The diurnal cycle of rainfall over
land exhibits an afternoon maximum over most of South and Central America, typically composed of relatively
small convective cloud systems. Over some large valleys in the Andes, and over Lake Maracaibo, a nocturnal
maximum of rainfall is observed. A strong night/morning maximum of rainfall prevails over the coastal ocean,
propagating offshore and westward with time. This offshore convection often takes the form of mesoscale
convective systems with sizes comparable to the region’s coastal concavities and other geographical features.
The 10-day period of these model studies (28 August—7 September 1998) is shown to be a period of unusually
active weather, but with a time-mean rainfall pattern similar to longer-term climatology. It is concluded that the
rain-producing processes during this time period are likely to be typical of those that shape the seasonal cli-
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matol ogy.

1. Introduction

The highest annual rainfall in the Americas, and
among the highest in the world, is observed in western
Colombia, on the Pacific coastal plain west of the Andes
(Eslava 1994; Horel and Cornejo-Garrido 1986; Figu-
eroa and Nobre 1990; Mesa et al. 1997; Poveda and
Mesa 2000). Just offshore, where the climatological in-
tertropical convergence zone (ITCZ) meets the coast of
western Colombiain aconcavity designated the Panama
Bight by Nichols and Murphy (1944), a striking max-
imum appears in remotely sensed convection climatol-
ogies of various kinds (e.g., Meisner and Arkin 1987,
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Garreaud and Wallace 1997; Adler et a. 2000), as well
as in many models. Velasco and Fritsch (1987) showed
that this area of western Colombia, onshore and off-
shore, has an anomalously large number of mesoscale
convective complexes (MCCs), with most occurring in
boreal summer. A dramatic north—south gradient over
just a few hundred kilometers separates some of the
earth’s wettest places from some of itsdriest, the coastal
deserts of Ecuador and Peru (Trewartha 1981; Snow
1976). This gradient roughly parallels the steep sea sur-
face temperature gradient between the equatorial cold
tongue and warmer waters to the north.

Because of the small scales involved in convective
rainfall, and its dependence on sharp geographical el-
ements such as coastlines and mountains, the study of
climate in this complex region requires high spatial res-
olution. Convection also exhibits strong diurnal mod-
ulation, so high time resolution (hours) is also required.
Steep, high topography and heavily and diversely veg-
etated land surfaces must be accounted for in models.
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FiG. 1. Terrain elevation and SST for (a) model grid 1, (b) model grid 3, and (c) terrain elevation
for grid 4. The terrain contour interval for grids 1 and 3 is 600 m. The grid-4 terrain is color-
banded at an irregular interval. The SST is color-banded at an interval of 1°C. Low values along

the coasts in (a) are artifacts of the dataset.

Observations must sample land and ocean areas even-
handedly and throughout the day.

With these challenges in mind, we have undertaken
an investigation of the physical processes behind the

rainfall climate in this region. Our main tools are pre-
viously published local observations, satellite data, and
the fifth-generation Pennsylvania State University—Na-
tional Center for Atmospheric Research (Penn State—
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Fic. 2. Mean seasonal march of GPI rainfall estimate in the 1998-99 dataset. Shading density is linearly
proportional to rainfal: (a) Aug-Oct, (b) Nov-Jan, (c) Feb—-Apr, and (d) May-Jdul.

NCAR) Mesoscale Model (MM5) system, described in
more detail in Warner et al. (2003, Part I1). Figure 1
illustrates the basic geography of the region, with to-
pography indicated as it is represented in the model,
and sea surface temperature conditions for the time of
our simulations (August—September 1998; see Part |1
for details regarding SST data). The Andes Mountains
lie along the western edge of South America, and branch
out at their northern end, in the nation of Colombia, to
define several large valleys. Highlands continue through
Central America, with notable gaps at the Panama Canal
(9°N, 80°W), Lake Nicaragua (11°N, 85°W), and at the
Gulf of Tehuantepec (15°N, 95°W). The Guiana High-
lands near 5°N, 50°-70°W define the northern edge of
the Amazon basin. The cold tongue of the equatorial
eastern Pacific (Fig. 1a) had temperatures aslow as 22°C
(anomalously warm, in the late stages of the 1997—98
El Nifio). In general SST was above 27°C throughout
the Caribbean Sea, and the western Atlantic and eastern
Pacific Oceans. Low values at the coasts in Fig. 1 are
artifacts of interpolation, superceded on domain 3 by
the satellite-derived sea surface temperatures shown in
Fig. 1b.

The results of thisresearch effort are presented in this
three-part series. Part | (this paper) describes the ob-
servational and historical context and background for
the 10-day simulations. Part |1 (Warner et al. 2003) de-
scribes our quest for a satisfactory control simulation,

sufficiently accurate that the physical processes diag-
nosed from the control and sensitivity experiments are
credible as representations of nature. Part 111 (Mapes et
al. 2003) describes the physical processes behind noc-
turnal convection offshore, as revealed by the model.
In the present paper, after a historical review (section
2), satellite data are described (section 3) and used, in
concert with wind analyses, to depict the regional sea-
sonal climatology (section 4). Section 5 discusses the
rainfall climatology and diurnal cycle in western Co-
lombiain particular. Section 6 comparesthe 10-day time
period of our model simulations to climatology.

2. Historical background

The contrasting climates of northern South America
have intrigued geographers and meteorol ogistsfor many
decades [ Trewartha (1981), Snow (1976), and Forsbergh
(1969) have extensive bibliographies of older sources].
Surface observations at land sites have long been suf-
ficient to elucidate the general pattern of rainfall in the
tropical Americas, with abundant rainfall in Central
America and Colombia giving way to much drier con-
ditions along the Pacific coast near and south of the
equator. The basic annual and diurnal cycles may be
summarized to a first approximation as rain (over trop-
ical land) tending to follow the sun, with sometimelag.

The annual lag between sun and rain may be a month
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Fic. 3. Climatological (1968-96) Aug + Sep mean wind vectors, from NCEP-NCAR
reanalysis data at (a) 850 and (b) 200 hPa.

or more, consistent with a hemispheric-scale heat ca-
pacity involving the upper ocean. According to the Cli-
mate Prediction Center (CPC) Merged Analysis of Pre-
cipitation (CMAP; Xieand Arkin 1996) for 1979-2001,
the annual harmonic of rainfall for the Northern Hemi-
sphere American Tropics has its peak near 1 August,
while the annual harmonic of Southern Hemisphere pre-
cipitation, even over land (interior Amazonia), has its
peak in late January, well after the December solstice.
The much shorter diurnal lag between sun and rain over
land reflects the much smaller thermal inertia of land
and the atmospheric boundary layer, as most tropical

land areas have their maximum precipitation in the af-
ternoon and evening.

The extreme annual rainfall of Pacific Colombia is
due to the fact that, centered at 5°N, it sits near the hub
of the annual march, and receives rainfall throughout
the year (see, e.g., Fig. 2): over 300 days per year at
Andagoya, Colombia (5°N, 77°W) for example (Day
1926). The diurnal variation in this area has a peculiar
aspect, as noted in a 1930 German-language paper by
Knoch quoted in Trewartha (1981). Along the coast,
most rain falls at night, as a steady rain. Thisis distin-
guished from the rains farther inland, which peak in the
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afternoon and fall as** heavy showersand cloud-bursts.”
This observation might suggest a propagating compo-
nent to the diurnal cycle, with convection initiated over
land in the afternoon and perhaps devel oping into prop-
agating long-lived storms that can yield a nocturnal di-
urnal peak in adjacent regions. Propagating diurnal cy-
cles are seen in other parts of the world, including the
United States in summer (e.g., Wallace 1975; Carbone
et a. 2002), and in Asia (e.g., Satomura 2000; Yang
and Slingo 2001; Ohsawa et al. 2001; Zuidema 2003).
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The advent of satellite remote sensing and global
analysis has yielded a more complete picture of the
convective climatology of the tropical Americas (Horel
et a. 1989; Negri et al. 1994; Garreaud and Wallace
1997). In addition to mean cloudiness fields, the me-
soscale convective systems that make up the convective
cloudiness have been the object of special study, based
on connected structures seen in infrared satellite im-
agery (Velasco and Fritsch 1987; Machado et al. 1998).
In this paper, satellite rainfall estimates of unprece-
dented detail are shown for the year 2000, along with
more standard geostationary estimates for the year of
our simulations (1998).

3. Data and methods

Rainfall is the main variable of interest in this study,
because it is a major variable in the hydrologic cycle,
and because it is a convenient two-dimensional ground-
level field summarizing important aspects of the un-
observable three-dimensional complexities of convec-
tion. Unfortunately, observations of convective rainfall
are difficult, so indirect proxy measurements must be
used. Infrared images of cold cloudiness have good res-
olution and uniform coverage, but are only indirectly
related to rain. On the other hand, microwave remote
sensing (both passive and active) can detect raindrops
more directly, but has poorer space-time sampling and
different response characteristics over land and sea. A
promising strategy has been to use the more direct mea-
surements—rain gauges and microwave rainfall esti-
mates—to calibrate rain-rate estimates from the better-
sampled infrared cloudiness data. A variety of tech-
niques, with different levels of complexity, have been
used (e.g., Arkin and Meisner 1987; Adler et al. 2000;
Sorooshian et al. 2000; Negri et al. 2002). For present
purposes, we choose the simplest [Geostationary Op-
erational Environmental Satellite (GOES) Precipitation
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Fic. 5. Climatological (1968-96) Aug + Sep mean zona wind cross section along 5°N, from
NCEP-NCAR reanalysis data. Andes Mountains are indicated qualitatively in black.
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Index (GPI), described below] for comparison with the
1998 simulations, supplemented by results from the Ne-
gri et a. (2002) technique for the year 2000.

This paper uses a 3-hourly infrared brightness tem-
perature dataset from the GOES satellite on an 0.1° | at-
itude-longitude grid spanning almost 2 yr (28 August
1998-30 June 2000). The eight times each day are 0245,
0545, . .., 2345 UTC, which we abbreviate here as ap-
proximate local hours by subtracting 5 h, 45 min, yield-
ing 2100, 0000, . .., 1800 LT. For a few weeks during
1998, including the period of our model study (28 Au-
gust—7 September) no images from 0545 UTC (local
midnight) are available, owing to satellite maintenance
operations. Care has been taken to minimize the impact
of these missing data on results presented here.

Following Arkin and Meisner (1987), we plot the
GPI, defined as the fractional coverage of brightness
temperatures lower than 235 K, calibrated to rain-rate
units using the constant factor 3 mm h—*. Note that our
usage pushes the GPI beyond its realm of calibrated
validity, for example, by plotting small-scale patterns,
and time averages at different times of day. Because of
these concerns, Garreaud and Wallace (1997) omitted
the 3 mm h~* factor in their more extensive climatology
of <235 K cloudiness. We favor rain-rate unitsin order
to facilitate comparison to model precipitation, but be-
cause of the uncertaintiesinvolved we prefer thissimple
3 mm h-* factor to more complex calibrations, which
would also be pushed beyond their range of proven
validity by the small scales and time-of-day dependence
considered here. Likely problems with the use of GPI
include underestimation of rain from shallower clouds
(e.g., orographic precipitation) and space and time off-
sets. The GPI data provide a delayed depiction of the
diurnal cycle: upper-tropospheric anvil cloud coverage,
and hence GPI, tends to lag surface rain rate, by about
3 h over Brazil, for example (Negri et a. 2002).

A check on the time-mean calibration of GPI for this
season and region was performed by comparison with
the Precipitation Estimation from Remotely Sensed In-
formation using Artificial Neural Networks (PER-
SIANN; Sorooshian et al. 2000) product. The PER-
SIANN product converts infrared cloud-top observa-
tions to rain-rate units using a system trained with data
from the (Tropical Rainfall Measurement Mission
(TRMM)) microwave emission estimates. Relative to
PERSIANN, GPI overestimates small rain amounts at
the margins of heavier rainfall (not shown), consistent
with the known tendency of anvil clouds with <235 K
brightness temperaturesto spill over alarger space-time
region than the associated convectiverainfall (Arkinand
Meisner 1987). Meanwhile, higher rain ratesare slightly
underestimated by GPI. These biases tend to cancel,
such that September monthly means over the region
10°S-26°N, 50°-110°W are 186 mm for PERSIANN
and 160 mm for GPI. While recognizing its shortcom-
ings, we use GPlI mainly for its simplicity. The 2-yr
period considered here is rather short to deserve the
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name ‘‘ climatology,” but examination of other sources
reveals it to be adequate to illustrate the basic seasonal
and diurnal cycles, and put the 10-day period of our
modeling efforts in context.

This paper also makes use of the very-high-resolution
rain-rate estimates of Negri et a. (2002) for the year
2000. These dataare also derived frominfraredimagery,
in this case hourly, in which convective and stratiform
rain are identified using texture algorithms, and rain rate
is calibrated with TRMM microwave estimates as well
as South American rain gauge data. While the year 2000
is neither the year of our simulations, nor exactly rep-
resentative of long-term climatol ogy, the unprecedented
quality and resolution of these data warrant their inclu-
sion here. The climatological diurnal cycle iswell cap-
tured in a single year's data.

4. Climatology of the region and season

The seasonal march of GPI in the American Tropics
is shown in Fig. 2, in a linear gray scale (used in all
such figures in this work) that makes the amount of ink
on the page proportional to rainfall. The main rainfall
zone migrates back and forth along a northwest—south-
east track, from the eastern Pacific and Central Amer-
ican region during May—October to continental South
Americaduring November—April. The coastal concavity
in the western Colombia/Gulf of Panama region (near
5°N, 78°W) is wet throughout the year, even in Novem-
ber—January (Fig. 2b). This coastal concavity is paral-
leled about 100 km inland by a concavity in the western
branch of the Andes. A mean westerly wind at low levels
isdirected into this mountain barrier throughout the year
(the **Choco jet”; Poveda and Mesa 2001), bringing
moisture to the climatological maximum of rainfall. In
every season, the rainfall of this region appears dis-
tinctly separated from the main mass of South American
convective activity by the northern Andes.

Severa interesting small-scale features are seen in
the eastern Pacific in Fig. 2. For example, Fig. 2c shows
alow-rainfall stripe along 80°W in February—April, sep-
arating GPI maxima on the Colombian coast and far
offshore along 5°N. This dry stripe is present in all six
of the monthly means entering Fig. 2c, and overlies a
climatological cold stripe in sea surface temperature
(SST, not shown), associated with a northerly surface
wind jet through a gap in the topography near the Pan-
ama Canal. Thisjet is one of several intense topograph-
ically channeled gap winds from the Atlantic to the
Pacific, especialy in northern winter (Chelton et al.
2000). The local minimum in rainfall near 10°N, 90°W
in northern summer (Figs. 2a, 2d) isalso collocated with
climatologically lower SST and higher wind speed than
adjacent regions (not shown).

For arbitrary reasons, involving the availability of
satellite and reanalysis data at the outset of this project,
our modeling efforts have focused on the 10-day period
from 28 August to 7 September. According to Fig. 2a,
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Fic. 6. Satellite-estimated annual mean rainfall rate for calendar year 2000, from the data of
Negri et a. (2002). White curves indicate the 500- and 2000-m topographic contours.

this is the season when convection has the broadest
spatial range in its occurrence, including large regions
of the Atlantic basin as well as the eastern Pacific north
of 5°N, and in a swath across South America. Even
during this relatively wet part of the year, the eastern
Caribbean (10°—16°N, 60°-75°W) has little rainfall. In
this season, a strong low-level easterly jet blows across
the Caribbean (Fig. 4), with divergence in the dry east-
ern basin and convergence in the wetter west. The as-
sociated Ekman drift leads to coastal upwelling along
the northern coast of South America, causing climato-
logical low SSTs under the regional minimum of GPI
at 12°N, 66°W in Fig. 2a. Frictional divergence in the
atmosphere also contributes to these dry conditions
(Lahey 1973).

Figure 3 shows the long-term (1969—96) August plus
September mean winds at 850- and 200-hPalevels, from
the National Centers for Environmental Prediction
(NCEP)-NCAR reanalysis (Kalnay et al. 1996). At 200
hPa (Fig. 3b), easterlies prevail from the equator through
10°N, especially over the Pacific, west of the divergence
associated with the deep convective activity near the
continent. Westerlies prevail in the Southern (winter)
Hemisphere and over the northern subtropical Atlantic.
At 850 hPa (Fig. 3a), easterlies prevail over aimost the
entire region, splitting into two streams west of 50°W:

through the Caribbean (at 15°N) and up the Amazon
Basin (on the equator). The westerly Choco jet (Poveda
and Mesa 2000) along 5°N in the eastern Pacific is the
only westerly wind in Fig. 3a

Low-level winds are depicted in more detail in Fig.
4, an August mean from the Sadler (1986) surface wind
climatology. The westerlies of the Panama Bight region
are depicted as recurved streamlines connected to the
trade winds of the southeastern Pacific. The vertical
structure of zonal wind along 5°N is shown in Fig. 5,
again fromthe NCEP-NCAR reanalysis, with the Andes
depicted as a solid black shape. The Choco jet of low-
level westerliesis seen to exist only below mountaintop
level, overlain by easterlies at all levels.

5. Rainfall in western Colombia and the Panama
Bight

Figure 6 shows a high-resolution annual mean rainfall
estimate for 2000, based on the satellite estimates of
Negri et al. (2002). The lowest values (black and purple)
are seen over the equatorial eastern Pacific cold tongue,
on the eastern (divergent) side of the Caribbean easterly
jet of Fig. 4, and along the ridges of the high Andes,
inside the white 2000-m topographic contour. To the
southeast of the Andes, the rainfall is about 0.25 mm
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Fic. 7. Gauge climatology from Eslava (1994) of long-term mean
rainfall in western Colombia. Shaded contours are topography (light-
est shading at 200 m, then darker at 500 m and every 500 m
thereafter). Open contours depict annual rainfall in m.

h=* (2-m annual total), with little structure aside from
amean west—east gradient and the fine specklereflecting
the finite time sample. The rainfall structure is most
interesting north and west of the Andes, with severa
maxima exceeding 0.5 mm h~* along the white 500-m
topographic contour. One notable feature is the maxi-
mum over Lake Maracaibo (10°N, 71°W), ashallow lake
depicted in the land mask of Fig. 6. The greatest mean
rainfall rates in the region (over 0.6 mm h-1) lie im-
mediately offshore of the Pacific coastline, as part of
an offshore patch of high rainfall extending ~500 km
along the coastline from 3.5° to 8°N. This offshore max-
imum is separated from the inland maxima near the 500-
m contour by a relative minimum in the coastal |ow-
lands.

A qualitative check on the accuracy and representa-
tiveness of the single-year satellite data is provided by
along-term rain gauge climatology for western Colom-
bia, published by Eslava (1994), whose contours are
reproduced in Fig. 7 on a shaded topographic map. Two
areas with annual rainfall exceeding 7 m are indicated:
one along the western Andes slopes from 4.5° to 6°N,
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and another region at the coastline, near 4°N where the
coastline protrudes west into the Pacific. These data
appear to support the picture of an offshore maximum
(just barely detected by land-based gauges) and a sep-
arate inland maximum, with a relative minimum in the
coastal plain. A more extensive gauge climatology of
Colombian rainfall (G. Poveda 2002, personal com-
munication) is in substantial agreement with Fig. 6, in-
cluding the tendency for maximum rainfall at a low/
intermediate elevation, and the structure of western Co-
lombia rainfall in Fig. 7.

The diurnal cycle of the 2000 satellite data during the
July—September season isshownin Fig. 8. Starting from
0000 LT (upper left), the rainfall increases along the
Pacific coastline at 0200 and 0400 LT, and spreads off-
shore through the morning hours, weakening and prop-
agating out of the plotted domain after local noon.
Strong afternoon rainfall begins over the narrow isthmus
of Panamaat 1400 LT, with somewhat |ater devel opment
over continental South America. The climatological
rainfall maximum at the foot of the western slopes of
the Andes (noted in Figs. 6 and 7) can be seen to occur
from 1600 to 2200 LT, weakening at midnight before
the coastal rainfall begins developing strongly at 0200
LT.

Figure 8 aso indicates that the climatological max-
imum of rainfall over the Magdalena valley of north-
central Colombia (8°N, 75°W, see latitude-longitude la-
bels in Fig. 6) has a diurnal cycle that peaks at 0200
LT. Nocturnal rainfall maxima over land occur in large,
deep valleys in many parts of the world (e.g., Balling
and Brazel 1987; Satomura 2000; Ohsawa et a. 2001).
Lake Maracaibo also has the peak of its rainfall diurnal
cycle at night. Nocturnal storms over Lake Maracaibo
are so frequent that their lightning (known as the Light-
house of Catatumbo) was used by Caribbean navigators
in colonial times. Nocturnal convection occurs over oth-
er large tropical lakes, such as Lake Victoria (Flohn and
Fraedrich 1966). Nocturnal rainfall can also be seen off
the Caribbean coast of Panamain Fig. 8. After midnight,
this rainfall increases, especialy in the concavities of
the coastline, and spreads farther offshore with time.
There is also a sense of westward propagation, roughly
in parallel with the westward propagation in the Pacific,
crossing the western edge of the plotted region about
noon.

Figure 9 indicates the approximate sizes of convective
storms that contribute to the mean rainfall during the
day and night. Each circle in Fig. 9 represents a con-
tiguous region of cold cloud top with brightness tem-
perature <210 K [obtained by a procedure detailed in
Mapes and Houze (1993)], at the indicated local hour,
sometime in the indicated 20-day period (which is cen-
tered on our 10-day simulation period). The size of the
circle on the map is approximately equal to the cold-
cloud area, although of course thereal clouds are ragged
and sometimes elongated or multilobed, not circular. In
the afternoon (Fig. 9a), small circles crowd the northern
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Fic. 8. Mean diurnal cycle of rainfall rate for Jul, Aug, and Sep of 2000 using the same data
and plotting domain as in Fig. 6.

coast of South America and the Central American isth-
mus, while some larger circles can be seen over the
Amazon. Near dawn (Fig. 9b), there are far fewer circles
over the Amazon, but several are seen over land in the
valleys of northern Colombia and the Lake Maracaibo
area (not defined by land mask). Most of the cloudiness
at this hour is seen to occur in larger systems off the
Colombian coasts, both Pacific and Caribbean. Figure
9 makes the visual suggestion that the scale of the con-
vective storms may be related to the scales of the geo-
graphic features in the area.

M esoscal e geographic features such as concave coast-
lines or mountains, subjected to diurnally cyclic heating,
drive mesoscale atmospheric circulations. It is reason-
able to suppose that these circul ations can organize con-
vection, encouraging the development of multicellular
mesoscal e convective systems. Such storms with scales
of afew hundred kilometers have natural lifetimes (e.g.,
over the open ocean) approaching half a day (Chen et
al. 1996; Chen and Houze 1997; Machado et al. 1998).
For geographical concavities of this size, some sort of
resonance may occur between diurna forcing and the
life cycle of mesoscale convective systems. High off-
shore rainfall in night/morning hours has been noticed

in concave gulfs and bays worldwide (e.g., Neumann
1951; Houze et al. 1981; Negri et al. 1994; Ohsawa et
al. 2001; Ricciardulli and Sardeshmukh 2002; Yang and
Slingo 2001; Zuidema 2003), an observation that was
an original motivation for this study. In many cases, it
seems that the time of maximum rainfall is later for
larger gulfs or bays, as in the case of the nocturnal
maxima in Fig. 8. Interpretation is ambiguous in this
case, however, since the later rainfall maximum in the
larger, western concavity may reflect a westward prop-
agation, as mentioned previously (and detailed exten-
sively in Part 111).

6. Is 10 days long enough to represent the
seasonal climatology?

How long a period is necessary to justify interpreting
the average of the weather as representative of the cli-
mate of the season? Given limited computing resources,
the answer to this question determines the resolution,
coverage, and suite of experiments that can be afforded
in modeling studies. The details of our simulation trade-
offs are discussed more in Part 1. Here we present ev-
idence that 10 days is long enough to draw represen-
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Fic. 9. Cloud clusters (contiguous regions of brightness temper-
ature <210 K in 0.1° infrared satellite data) occurring during a 20-
day period centered on the 10 days of our model study. Each circle
is centered on the centroid point of acloud cluster in one day’s satellite
image, with the size of the circle on the map equal to the area of the
cloud cluster: (a) 1500 and (b) 0600 LT.

tative conclusions about the climatological diurnal cycle
in thisregion. This material also servesto place our 10-
day period in its larger seasonal context.

The period of our simulations (28 August—7 Septem-
ber 1998) was chosen quite blindly, based on the avail-
ability of satellite data and reanalysis at the beginning
of thiswork in 1998. It turns out to have been an active
phase of intraseasonal variability, with unseasonably
large rainfall and more and stronger organized convec-
tive disturbances, especially over the northern part of
the domain. This may be seen by comparing time-mean
GPI maps for our 10-day period (Fig. 10a) and for Au-
gust plus September of 1998 and 1999 (Fig. 10b). The
GPI pattern of the 10-day period resembles climatol ogy,
but with anomalously high values in the Caribbean Sea,
Gulf of Mexico, and eastern Pacific. Domain average
GPI in Fig. 10ais 1.3 times that in Fig. 10b.

Figure 11 shows time-ongitude sections of GPI, av-
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Fic. 10. Mean GPI maps for (a) 28 Aug—7 Sep 1998 and (b)
Aug+Sep 1998+1999. Shading density is linearly proportiona to
rainfall.

eraged over the northern half of our largest model do-
main (8°-26°N, panel @) and the southern half (11°S-
8°N, panel b), encompassing the time of our model work
(indicated by boxes). Again it can be seen that 28 Au-
gust—7 September was an unusually rainy period, es-
pecialy in the northern part. In Fig. 11a, lines sloping
up to the left indicate disturbances that traveled east to
west, and apparently slowed down or accumulated in a
massing of convective activity west of 90°W. These dis-
turbances are known generically as easterly waves, and
have been studied in this region in connection with east
Pacific tropical cyclogenesis by Zehnder et al. (1999).
Figure 11a indicates that the modeled period contains
three distinct easterly waves. These three disturbances
in close succession make the modeled period unusual
within the season, again in the sense of more active
weather. The eastern Pacific (longitudes —110° to —90°)
is also seen to be in an enhanced phase of intraseasonal
variation during the period of our simulations.

Figure 11b indicates westward moving disturbances
in the southern part of the domain as well, but here the
diurnal timescale is more dominant. Beginning at about
50°W, rainstorms devel oped in the afternoon and moved
westward, sometimes persisting through the night and
reintensifying the next day. These multiday propagating
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Fic. 11. Time-ongitude sections of GPI averaged over the latitude bands (a) 8°-26°N and (b) 11°S-8°N. The
time and largest space domain of our modeling study is indicated by boxes. Shading is linearly proportional to

rainfall.

bands over the Amazon (e.g., Cohen et al. 1995), in
combination with the general tendency for an afternoon
rain maximum over land, leave their mark in long-term
rainfall climatology as a banded structure parallel to the
coast (Kousky 1980; Garreaud and Wallace 1997). Fig-
ure 11b also shows the westward-propagating convec-
tive storms that form near 77°W, off the west coast of
Colombia. The day-to-day variability of these features
appears incoherent with that of the disturbances over
the Amazon.

Finer-scale time-longitude GPI rainfall plots for
western Colombia are shown in Fig. 12. Figure 12a
shows the composite diurnal cycle of August and Sep-
tember of 1998 and 1999, repeated twice for clarity,
with the coastline and local midnight indicated by
dashed and solid lines, respectively. Figure 12b shows
the 10 simulated days, indicating 3 or 4 days with es-
pecialy heavy rainfall on the western side of the Andes
(the mountain profile in longitude is indicated outside
the plot boxes). Recall that the GPI rainfall estimate
tends to give adelayed, and perhaps distorted, depiction
of thediurnal cycle. Therainfall over coastal land peaks
a few hours before midnight, with tilted contours in-
dicating a tendency for slow motion toward and across
the coastline. After midnight, convection develops
strongly and suddenly over the ocean, sharply bounded

by the coastline. Rainfall over the water propagates
westward through the daytime hours, steadily weak-
ening. A second region of after-midnight rainfall isseen
in the Cauca—Magdalena valley, the central valley of
the (latitudinally averaged) Andes profile. All these fea-
tures have already been described in connection with
Fig. 8.

In summary, the 10-day period of our model studies
had more active weather than the 1998-99 climatol ogy
(more rain in domain average, more and stronger east-
erly disturbances in the Atlantic and Caribbean, and
more rain in the Panama Bight). It should also be noted
that August—September 1998 was in the late stage of
the strong 1997-98 El Nifio event. Interannual anom-
alies of sea surface temperature were up to +5 K in the
cold tongue just south of the equator (see Fig. 1), and
+1 to +2 K in the Panama Bight latitudes near 5°N.
Consistent with the warmer water, deep convection and
low-level zonal wind also had positive interannual
anomaliesin the far eastern Pacific during August—Sep-
tember 1998. Thus our study period was doubly anom-
alous, al in the sense of more active weather. Still, the
spatial pattern of rainfall and the underlying weather
phenomenology are sufficiently representative that the
physical processes identified in this work may be con-
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in (a) indicate local midnight.

sidered typical of those that shape the seasonal clima-
tology of the region.

7. Summary and conclusions

Observational context for the mesoscal e model results
of Parts Il and 1l has been presented, beginning with
the seasonal march of convection and rainfall in the
region. Rainfall generally follows the sun between the
hemispheres, with northern summer rainfall being max-
imal in the eastern Pacific and southern summer rainfall

over the Amazon basin. Northwestern South America
sits at the center of this northwest—southeast annual
march, such that the Panama Bight region is wet
throughout the year. In southern summer, rainfall in this
region appears disconnected by the Andesfrom themain
continental-scale monsoon (Figs. 2b,c), while in north-
ern summer it is contiguous with the ITCZ north of the
equator. There is a steep meridional gradient of rainfall
along the west coast of South America, paralleling the
steep meridional gradient of sea surfacetemperature off-
shore, in the northern edge of the eastern equatorial
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Pacific cold tongue. Within Colombia, the rainfall pat-
tern is quite complex, with maximum values tending to
lie along the 500-m topographic contour (Fig. 6).

The diurnal cycle of rainfall also generally has rain
following the sun, with convection devel oping over land
during the afternoon (Fig. 8). Much of the daytime con-
vection takesthe form of small cloud systems, especially
in coastal zones and the narrow isthmus of Central
America, although larger systems do develop over the
Amazon (Fig. 9a). Nocturnal rainfall is observed off-
shore and tends to propagate away from land through
the night and morning hours. Much of the offshore con-
vection occurs as contiguous convective cloud systems
with scales similar to those of the geography (Fig. 9b).
Nocturnal convection also occurs in the valleys of Co-
lombia and over Lake Maracaibo. Over the Amazon
basin, diurnally generated convection tendsto propagate
westward, with systems sometimes lasting 2—3 days and
crossing the entire Amazon basin (Cohen et al. 1995).
West of the Andes, in the Panama Bight, a distinctive
westward-propagating diurnal rain pattern is also seen
(Fig. 12), but the day-to-day variability of this appears
incoherent with that of the Amazon diurnal bands (Fig.
11b). The low-level wind is easterly over the Amazon,
with a speed comparable to the propagation speed of
the diurnal rainbands, but is westerly over the Panama
Bight (Fig. 5), where the mechanism of propagation
appears to involve gravity waves (Part 111).

More detailed climatological data were examined for
the August—September season, and for the specific 10-
day period simulated in this study (28 August—7 Sep-
tember, 1998). This 10-day period had unseasonably
active weather, especially in the northern half of our
largest model domain, with three prominent easterly dis-
turbances in the Atlantic—Caribbean basin and an en-
hanced intraseasonal massing of deep convection in the
eastern Pacific (Fig. 11a). Still, the 10-day mean rainfall
spatial pattern strongly resembles a longer-term mean
(Fig. 10), suggesting that the processes that shape the
rainfall of our 10-day simulation period are adequately
representative of the processes that shape the longer-
term climatology.
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